A thermodynamic study on the interaction of bovine carbonic anhydrase II, CAII, with cobalt(II) and iron(III) ions was made using isothermal titration calorimetry (ITC) at 300.15 K and 310.15 K in Tris buffer solutions at pH = 7.5. The enthalpies of interaction of Co 2+ + CAII and Fe 3+ + CAII are reported and analyzed in terms of the extended solvation theory. The results indicate that there are three identical and non-cooperative binding sites for Co 2+ and Fe 3+ ions. Binding of these ions with CAII occurs exothermically with dissociation equilibrium constants of 87.15 and 91.00 µmol·L −1 at 300.15 K, for Co 2+ and Fe 3+ , respectively.
families, and occur as α-CA, β-CA and γ -CA forms [1] [2] [3] [4] . CA is one of the fastest acting enzymes known, with a maximal turnover rate for CO 2 hydration of ∼10 6 s −1 at 25 • C, which is probably the reason why the activation of CA has not been much studied. In contrast, inhibition of CA has been widely investigated and crystal structures have been reported of several CA complexes with inhibitor molecules [1, 5] .
CAII is a novel metallo protein due to its unusually high affinity for zinc(II), whose CAII + Zn 2+ dissociation constant is 1-10 pmol·L −1 [1] . The role of highly conserved aromatic residues surrounding the zinc-binding site of human carbonic anhydrase II (CAII), in determining the metal ion binding specificity of this enzyme, has been previously examined using mutagenesis [6, 7] . Residues F93, F95, and W97 are located along a β-strand containing two residues that coordinate zinc, H94 and H96, and these aromatic amino acids contribute to the high zinc affinity and slow rate constant for dissociation of Zn(II) from CAII. Substitution of these aromatic amino acids with smaller side chains enhances the affinity for copper (up to 100 fold) while decreasing the affinity for both cobalt and zinc, thereby altering the metal ion binding specificity by as much as a factor of 10 4 . Furthermore, the Gibbs energy for stabilization of native CAII, determined by solvent-induced denaturation, correlates positively with the increased hydrophobicity of the amino acids at positions 93, 95, and 97, as well as with affinities for Co(II) and Zn(II) [8, 9] . Conversely, an increased affinity for Cu(II) correlates with decreased protein stability. Although CAII is loaded with Zn(II) in its physiologically relevant condition, it can also bind a number of other divalent metal ions at the zinc binding site including Co 2+ , Ni 2+ , Cu 2+ , Cd 2+ , Hg 2+ and Pb 2+ but with different affinities [4, 7] .
Some Zn(II) and Cu(II) metal complexes of sulfonamides that incorporate polyaminopolycarboxylated tails have also been reported, which indeed show very good in vitro inhibitory activity against the isoforms CA I, II, and IV [7, 8] . In this paper, the effects of Co(II) and Fe(III) ions on the structure and stability of CAII are examined.
Materials and Method
Erythrocyte bovine carbonic anhydrase was obtained from Sigma. Copper sulfate was obtained from Merck. The buffer solution used in the experiments, which was 50 mmol·L −1 Tris, pH = 7.5, was obtained from Merck.
All of the calorimetry experiments were carried out in 300.15 K and 310.15 K. The experiments were performed with a 4-channel commercial microcalorimetric system, Thermal Activity Monitor 2277 (Thermometric, Sweden). Each channel is a twin heat-conduction calorimeter (multijunction thermocouple plates), positioned between the vessel holders and the surrounding heat sink. Both sample and reference vessels are made from stainless steel. The limiting sensitivity of the calorimeter is 0.4 µJ. Cobalt(II) nitrate solution (5 mmol·L −1 ) was injected by use of a Hamilton syringe into the calorimetric titration vessel, which contained 1.8 mL of 30 µmol·L −1 CA solution, in the Tris buffer (30 mmol·L −1 ) at pH = 7.5. Thin (0.15 mm inner diameter) stainless steel hypodermic needles, permanently fixed to the syringe, reach directly into the calorimetric vessel. Injection of 20 µL metal nitrate samples into the perfusion vessel was repeated 30 times. The calorimetric signal was measured with a digital voltmeter that was part of a computerized recording system. The heat of injection was calculated with the "Thermometric Digitam 3" software program. The heats of dilution of Co(II) and Fe(III) nitrate solution were measured as described above except that CAII was absent. Also, the enthalpy of dilution of the protein solution was measured as described above, except that buffer solution was injected into the protein solution in the sample cell. The enthalpies of dilution of Co(NO 3 ) 2 , Fe(NO 3 ) 3 and protein solutions were subtracted 
Results and Discussion
It has been shown previously [8] [9] [10] [11] [12] that the enthalpies of interaction of biopolymers with ligands in aqueous solutions can be reproduced with the following equation
The parameters δ θ A and δ θ B are measures of the CAII stability as a result of interaction with a metal ion, L, at low and high metal ions concentration, respectively. If the binding of ligand at one site increases the affinity for this ligand at another site, then the macromolecule exhibits positive cooperativity. Conversely, if the binding of ligand at one site lowers the affinity for the ligand at another site, then the protein exhibits negative cooperativity. If the ligand binds at each site independently, then the binding is non-cooperative. Values of p < 1 or p > 1 indicate positive or negative cooperativity for binding of a macromolecule with metal ion ligand, respectively, whereas p = 1 indicates that the binding is non-cooperative.
x B can be expressed as follows:
where x B is the fraction of the metal ions (Co 2+ or Fe 3+ ) bound to the sites on CAII, and x A = 1 − x B is the fraction of the unbound ("free") metal ions (L F ). We can express x B in terms of the total metal ion concentration, L T , divided by the maximum concentration of the metal ion upon saturation of all CAII binding sites, L max , as follows:
L A and L B are the relative contributions of unbound and bound Co 2+ or Fe 3+ to the enthalpies of dilution when CAII is absent and can be calculated from the enthalpies of dilution of Co 2+ or Fe 3+ in the buffer, q dilut , as follows:
The heats of L + CAII interactions, q, were fitted to Eq. 1. In the fitting procedure, only the adjustable parameter p was changed until the best agreement was obtained between the experimental and calculated data ( Figs. 1 and 4) . The optimized δ θ A and δ θ B values are recovered from the coefficients of the second and third terms of Eq. 1. The agreement between (Fig. 1) is excellent and gives considerable support to the use of Eq. 1.
is the fraction of CAII molecules undergoing complexation with Co 2+ or Fe 3+ , which can be expressed as follows:
where q max represents the heat value obtained when all CAII binding sites are saturated. The apparent equilibrium constant, K a , as a function of the free concentration of metal ion, L F , is given by the following equation:
The Gibbs energies as a function of ligand concentrations can be calculated from:
Values of G, calculated from Eq. 7 at different temperatures, are shown graphically in Figs. 2 and 5. The S values were calculated from the G values at different temperatures and are shown in Figs. 3 and 6 . The linearity of G against Co 2+ and Fe 3+ concentrations indicates that structural effects compensate each other in the Gibbs energy, which supports the use of the extended solvation model. Consider a solution containing a ligand (Co 2+ or Fe 3+ ) and a macromolecule (CAII in this case) that contains g sites capable of binding the ligand. If the multiple binding sites on a macromolecule are identical and independent, then the ligand binding sites can be analyzed by a model system of monomeric molecules {(CAII) g → g(CAII)} having the same set of 
If α is defined as the fraction of free binding sites on the biomacromolecule, M 0 the total biomacromolecule concentration, and L 0 the total ligand concentration, then the free concentrations of monomeric molecule [M] and ligand [L] as well as the concentration of bound ligand [ML] can be deduced as follows:
Substitution of free concentrations of all these components in Eq. 8 gives:
or
Here 1α is the fraction of occupied binding sites on the biomacromolecule:
where q represents the heat value at a certain ligand concentration L 0 , and q max represents the heat value upon saturation of all biomacromolecule with ligands. If q and q max are cal- 
Combining Eqs. 13 and 14 yields:
where q = q max − q. Therefore, a plot of (max )M 0 versus ()L 0 should be linear with a slope of 1 g and a vertical intercept of K d g . The linearity of the plot was examined by varying the estimated values for q max to yield a fit with the best value for the correlation coefficient. The best linear plot with the correlation coefficient value (r 2 ≈ 1) was obtained using −2398 µJ and −2333 µJ, equal to −22.204 kJ·mol −1 and -21.602 kJ·mol −1 at 300.15 K and 310.15 K, respectively. The values of g and K d , obtained from the slope and vertical intercept of the plot are listed in Tables 2 and 4 .
This calorimetric-based method described recently allows us to obtain the number of binding sites (g), the molar enthalpy of binding site ( H bin ), and the dissociation equilibrium constant (K d ) for a set of biomacromolecule binding sites. If no value for q max yields (Tables 2 and 4 ) reflect stabilization of the CAII structure. The values p = 1 found for both systems show the overall non-cooperativity for the interaction of Co 2+ and Fe 3+ ions with CAII, and include (Tables 2 and 4 ), implying that the stability of Fe 3+ + CAII complexes is greater than for Co 2+ + CAII complexes. In Co 2+ + CAII and Fe 3+ + CAII interactions, either the chemical bonds become stronger or chemical bonds are being formed throughout the interactions that result in negative H values. At the same time, this act of forming or even strengthening of a bond restricts the movement of the molecule (its ability to rotate, vibrate, etc.) and hence decreases the CAII molecule's entropy. The relatively small negative G values (Figs. 2 and 5) are consistent with the above interpretations. Carbonic anhydrase is a metalloenzyme containing Zn 2+ . This metal, which is involved in the biologically active site, can be removed and replaced with other bivalent metal ions. When Co 2+ is substituted for the native Zn 2+ , the enzyme activity is substantially preserved [13] , which is in agreement with our results.
